Introduction {#Sec1}
============

The ability to separate and study small quantities of isotopes from a large ensemble without losses is the limiting factor of many experimental studies in modern nuclear physics^[@CR1]--[@CR4]^, as exotic isotopes of interest can often only be produced at low rates (fewer than 100s of ions per second) and their accumulation into substantial quantities is prevented by their short half-lives. Furthermore, sensitive detection or separation of small quantities of isotopes also has numerous technological applications^[@CR5]--[@CR11]^. Fast beam collinear laser spectroscopy techniques have allowed high-precision measurements on short-lived isotopes, down to rates of fewer than 100 ions per second^[@CR3],[@CR12],[@CR13]^. These approaches use the Doppler compression of an accelerated atomic beam to enable high-precision laser spectroscopy measurements to be performed in a collinear geometry^[@CR14],[@CR15]^. This technique is now being implemented at radioactive ion beam facilities worldwide, giving a resolution of a few 10s of MHz, which is sufficient to resolve the hyperfine structure for nuclear physics studies^[@CR16]--[@CR19]^.

Motivated by a need for higher sensitivity to access exotic isotopes produced at rates lower than a few ions per second, a variation of the technique, the Collinear Resonance Ionization Spectroscopy (CRIS)^[@CR20],[@CR21]^ experiment at CERN-ISOLDE^[@CR22]^ has been developed. The technique is based on resonant laser excitation of atom bunches^[@CR23],[@CR24]^ using a high-resolution pulsed laser, followed by resonant or non-resonant ionization of the excited atoms. The ions are then deflected away from the atoms which were not resonantly excited, allowing ion detection measurements with significantly reduced background. The experiment has so far reached a background suppression factor of $\documentclass[12pt]{minimal}
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                \begin{document}$$2.5\times 10^{8}$$\end{document}$ providing a detection sensitivity down to yields of around 20 atoms per second^[@CR25]^. The main source of ion background for the technique is due to collisional re-ionization of the atom beam (often also containing a substantial amount of isobaric contamination) with residual gas atoms along the collinear laser overlap volume. For this reason, considerable effort is given to reach ultra-high vacuum pressures ($\documentclass[12pt]{minimal}
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                \begin{document}$$<1\times 10^{-9}$$\end{document}$mbar) in this laser-atom interaction region. The work reported here demonstrates that the incorporation of field ionization, previously tested on continuous atom beams^[@CR26]--[@CR28]^, can further increase the sensitivity of measurements on bunched atomic beams by also compressing the measurements into a narrow ionization volume. In addition, we show the approach has advantages for measurements of atomic parameters when combined with the multi-step pulsed narrow-band laser excitation. The sensitivity of the approach is further improved by removing the need for a powerful non-resonant laser ionization step, which often contributes substantially to the re-ionization background. This is due to non-resonant ionization of contaminant atomic species, which are often neutralised into excited atomic levels^[@CR29]^, or can be excited by collisions into higher atomic levels^[@CR30]^, that are easily ionized with powerful laser light. Using the field-ionization technique, high-resolution measurements were performed for the energies of the $\documentclass[12pt]{minimal}
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                \begin{document}$$n=12$$\end{document}$ to *n* = 72), which additionally enabled the re-evaluation of the ionization potential of the indium atom. The production of atom bunches was implemented using an ablation ion source^[@CR31]^ with naturally abundant $\documentclass[12pt]{minimal}
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In typical measurements using atomic transitions to extract nuclear structure parameters, both the upper and lower atomic states of the transition have a nuclear-structure dependence. However, due to the vanishing nuclear structure dependence of the Rydberg states^[@CR32],[@CR33]^, the transition measurements made here allowed extraction of the nuclear structure dependent parameters of the lower atomic states alone. These measurements therefore allowed extraction of the hyperfine structure constants of the $\documentclass[12pt]{minimal}
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                \begin{document}$$^{113,115}$$\end{document}$In isotopes. This allows a direct comparison to atomic calculations of the isotope shift contribution from a single atomic state, in contrast to typical atomic transitions measurements where upper and lower state contributions are combined. The experimentally determined LISs, hyperfine structure constants and ionization potential of the indium atom are compared to calculations from relativistic coupled-cluster theory^[@CR34]^. Comparisons with direct measurements of atomic states provide a valuable benchmark to assist the extraction of nuclear structure observables with high accuracy^[@CR31],[@CR35]^. In addition, the development of high-accuracy atomic calculations has the potential to probe new aspects of the atomic nucleus and its interactions^[@CR36]--[@CR41]^.

Methods {#Sec2}
=======

Experimental setup {#Sec3}
------------------

The measurements reported here were performed following a modification of the CRIS experimental setup^[@CR42],[@CR43]^. A schematic layout of the modified setup is shown in Fig. [1](#Fig1){ref-type="fig"}a. In$\documentclass[12pt]{minimal}
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                \begin{document}$$^+$$\end{document}$ ions were produced using an ablation ion source (detailed in Refs.^[@CR31],[@CR42]^), with a pulsed 532-nm Litron LPY 601 50-100 PIV Nd:YAG laser focused to produce a fluence of \>0.5 J/cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^2$$\end{document}$ on a solid indium target (99% purity).Figure 1(**a**) A schematic diagram of the layout of the modified CRIS experiment, to use field ionization. Electrostatic deflectors guide the ions created by ablation to be neutralised. Atoms are excited to Rydberg states by amulti-step resonant laser scheme, and are subsequently field ionized and counted by an ion detector. (**b**) The time-of-flight distribution of the bunch created by the ablation ion source. Figure created using Refs.^[@CR44],[@CR45]^.

This produced high-intensity bunches of indium ions at the 100 Hz repetition rate of the laser with a typical bunch width of $\documentclass[12pt]{minimal}
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                \begin{document}$$2.0(3)\,\upmu \hbox {s}$$\end{document}$ (see Fig. [1](#Fig1){ref-type="fig"}b). This ablation laser was used as the start trigger to synchronise the atomic bunches in the interaction region with the pulsed lasers subsequently used for spectroscopy. A set of ion optics were used to focus and accelerate the In$\documentclass[12pt]{minimal}
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                \begin{document}$$^{113}$$\end{document}$In (4.28%), which greatly enhances the isotope selectivity compared to in-source laser spectroscopy separation or measurement techniques^[@CR5],[@CR46]^, laser induced breakdown spectroscopy (LIBS)^[@CR47]^ or in-gas cell laser ionization spectroscopy (IGLIS)^[@CR48]^. Collinear ionization techniques can therefore also be used to supplement^[@CR49]^ the isotope selectivity of conventional mass spectrometry techniques^[@CR50],[@CR51]^.

The ions were subsequently neutralised, using a sodium-filled charge-exchange cell heated to 300(10)$\documentclass[12pt]{minimal}
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                \begin{document}$$^2\text {P}_{3/2}$$\end{document}$ metastable state^[@CR29]^. The ions which were not neutralised were deflected electrostatically following the cell. After approximately 80 cm of flight (the maximum 4 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu \mathrm{s}$$\end{document}$ bunch width corresponds to a spatial spread of 81 cm at 25 keV), the indium atoms were then excited using either the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {5s}^2\text {5d}\,^2\text {D}_{3/2}$$\end{document}$ (325.9 nm) transition, depending on the Rydberg series to be studied.Figure 2The multi-step laser excitation schemes used in this work on the indium atom. Field ionization was used following the two laser steps to a Rydberg state. The lifetime of the intermediate $\documentclass[12pt]{minimal}
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                \begin{document}$$^2\text {D}_{3/2}$$\end{document}$ states is 7.0(4) ns^[@CR52]^. Figure created using Ref.^[@CR44]^.

The multi-step ionization schemes used in this work are shown in Fig. [2](#Fig2){ref-type="fig"}. The first step light was produced using a Spectron Spectrolase 4000 pulsed dye laser with DCM dye dissolved in ethanol. This produced fundamental light at 650 nm which was frequency doubled using a BaB$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim$$\end{document}$30 cm from the neutralisation cell. Following ionization the ions were deflected by 20$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\circ$$\end{document}$ onto a ETP DM291 MagneTOF^TM^ detector and the recorded count rate was used to produce the hyperfine spectra as a function of the infared laser frequency. The wavelengths were measured using a HighFinesse WSU2 wavemeter. This was calibrated and drift stabilized by simultaneous measurement of a Toptica DLC DL PRO 780 diode laser locked to the $\documentclass[12pt]{minimal}
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Field ionization using wire grids {#Sec4}
---------------------------------

The field ionization of the Rydberg states in this work was performed using the electrode arrangement shown in Fig. [3](#Fig3){ref-type="fig"}, located in the position indicated in Fig. [1](#Fig1){ref-type="fig"}. Three consecutive grids of parallel gold wires, of $\documentclass[12pt]{minimal}
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                \begin{document}$$7.5\,\mathrm{kV\,cm}^{-1}$$\end{document}$ for the 3 kV potential applied to the innermost grids. The arrangement included two parallel electrostatic deflector plates with opposing polarity before the grids, in order to deflect background ions. These background ions originate from non-resonant processes in the preceding 120 cm flight path between the charge exchange cell and the field-ionization grids, which is referred to as the 'laser-atom interaction region'. The region surrounding the grids is further called the 'field-ionization region', and the region between the last field-ionization grid and the ion detector will be referred to as the 'post-ionization region' (Fig. [1](#Fig1){ref-type="fig"}).Figure 3(**a**) A schematic of the electrode arrangement used in this work (**b**) The electric potential of the field-ionization arrangement used for the measurements of this work, and (**c**) the accompanying electric field gradient, simulated from measurements of voltages applied during this work. Figure created using Refs.^[@CR44],[@CR45],[@CR56]^.

This longitudinal electric field-ionization arrangement was chosen so the closely spaced grids could provide a small ionization volume of $\documentclass[12pt]{minimal}
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Coupled-cluster calculations {#Sec5}
----------------------------
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                \begin{document}$$\begin{aligned} T=T_1 + T_2 \ \ \ \ \text {and} \ \ \ \ S_v=S_{1v} + S_{2v} \end{aligned}$$\end{document}$$with subscripts 1 and 2 representing level of excitation, for determining the energies and hyperfine structure constants. The calculations were performed by first considering the Dirac-Coulomb (DC) Hamiltonian, then including the Breit and lower-order quantum electrodynamics (QED) interactions as described in Ref.^[@CR59]^. Corrections due to the Bohr-Weisskopf (BW) effect to the hyperfine structure constants were estimated by considering a Fermi-charge distribution of the nucleus.

The AR-RCC approach adopted to determine the field shift (FS), normal mass shift (NMS) and the specific mass shift (SMS) constants was implemented by evaluating the first order perturbed energies due to the respective operators, as discussed in Ref.^[@CR35]^. The AR-RCC theory calculations were also truncated using the singles and doubles excitation approximation (AR-RCCSD) when used to calculate the FS, NMS and SMS constants in this work. Contributions from the DC Hamiltonian and corrections from the Breit and QED interactions were evaluated explicitly and are shown in Table [2](#Tab2){ref-type="table"}.

Analysis and results {#Sec6}
====================
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Hyperfine structure constants and isotope shifts {#Sec7}
------------------------------------------------

The extracted magnetic dipole and electric quadrupole hyperfine constants, $\documentclass[12pt]{minimal}
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Rydberg state energies {#Sec8}
----------------------

In order to reduce the systematic error of the measured transition frequencies, reference scans were performed every few hours using transitions to the $\documentclass[12pt]{minimal}
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An improved field-ionization setup {#Sec10}
==================================

Systematics of the field-ionization setup {#Sec11}
-----------------------------------------

In order to explore possible improvements for future spectroscopy studies, using the type of grid field-ionization arrangement presented in this work, a systematic study of the setup was performed. The energy spread of the ions created by field-ionization in the setup was found to be an important consideration. The spread in the position where the Rydberg atoms are ionized is determined by the ionization probability for the Rydberg atom in the electric field gradient created by the electric potential. Therefore the ionization probability in a given electric field gradient ultimately determines the spread in electric potential the ions are produced and the energy spread of the ion beam as it exits the 'field-ionization region'. The situation of the Rydberg atom bunch encountering a step increase in electric field as they travel into 'field-ionization region' is equivalent to the application of a pulsed electric field to the Rydberg atoms at rest, which has been studied more extensively^[@CR95]--[@CR97]^. In the adiabatic limit where the classical electron motion is fast compared to the electric field pulse, the field necessary to reach saturation of ionization for the ensemble of Rydberg atoms (to ionize all Rydberg states above a given *n* within the pulse duration) is calculated^[@CR96]^ to be $\documentclass[12pt]{minimal}
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In order to study the factor of reduction in collisional background using the field-ionization setup shown in Fig. [3](#Fig3){ref-type="fig"}, measurements were performed at pressures raised by a factor of 10 compared to the nominal operating level, increasing the signal for the collisional background rate. The pressure in the 'interaction' region of length $\documentclass[12pt]{minimal}
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                \begin{document}$$_{C}^{l_1}$$\end{document}$. The cross sections are in agreement and are of the expected order of magnitude at a beam energy of 25 keV^[@CR103]^. This demonstrates a consistency for a factor of five in length (and volume assuming a homogeneous beam diameter) reduction (from 150 cm to 30 cm, as indicated in Fig. [1](#Fig1){ref-type="fig"}) for the source of collisional background ions. In addition this shows that the largest source of remaining atom-beam related background is due to ions created by collisional ionization with residual gases in the 'post-ionization' region, which are not able to be removed by the electrostatic deflectors in the 'field-ionization' region. The background suppression of the design in this work is therefore limited by the length of the 'post-ionization region' and the vacuum pressure in that region.

The simulated electric field gradient of Fig. [3](#Fig3){ref-type="fig"}c highlights an additional consideration when using parallel wires for field ionization. The approximation of a planar electric potential breaks down as the wires are approached and inhomogenities in the penetrating field create a large spike in the experienced electric field gradient. This property is in fact useful for defining the point of ionization and reducing the ion energy spread, however the potential geometry of Fig. [3](#Fig3){ref-type="fig"}b creates three positions where the electric field gradient is greatest and approximately equal in magnitude. It is therefore crucial for the critical field for ionization saturation to be applied to avoid ionization across more than one position which would result in a maximum energy spread of the magnitude of the potential applied.

Energy selective electrode design {#Sec12}
---------------------------------

Although the design used in this work effectively removes background from collisional ions created in the 'interaction' region before the 'field-ionization' region, the remaining background from ions created in the 'post-ionization region' can still be substantial. With this consideration, an improved design has been developed to detect only those ions created inside the small volume of the field-ionization grids, allowing a 1:1 correspondence between the factor of 300 or greater reduction in ionization volume and background suppression. The improved design is shown in Fig. [7](#Fig7){ref-type="fig"}. The principle of the design is to create an energy shift for the ions created in the 'field-ionization' region. This introduces energy selectivity for the Rydberg states ionized in the 'field-ionization' region, distinguishing them from other background sources of ions which will remain at the initial beam energy. Compared to the design used for the measurements in this work, this removes the demand for a short 'post-ionization region' with the best possible vacuum conditions.

In this improved design, the opposite polarity deflector plates (Fig. [3](#Fig3){ref-type="fig"}a,b) are replaced by segmented flat electrodes^[@CR57]^ of the same polarity, but with a potential difference of around 500 V between them to provide the equivalent electrostatic deflection of background ions created before the field-ionization grids (Fig. [8](#Fig8){ref-type="fig"}a,b). These electrodes are labelled as "segmented electrostatic deflectors" in Fig. [7](#Fig7){ref-type="fig"}a. Electrostatic lenses are also included following the field-ionization grids, labelled as "acceleration lenses" in Fig. [7](#Fig7){ref-type="fig"}a. These additional ion optic elements were designed with simple planar geometries to be compatible with fabrication using metal traces on printed circuit boards^[@CR104]^.Figure 7(**a**) A schematic of the improved electrode arrangement simulated from this work (**b**) The electric potential of an optimised field-ionization setup, and (**c**) the accompanying electric field gradient, simulated using voltages compatible with a 25 keV beam. Figure created using Refs.^[@CR44],[@CR45],[@CR56]^.

This design allows the outer grids to be held at a higher and adjustable electric potential without compromising the advantages of the previous field-ionization arrangement. The segmented electrodes allow the Rydberg atoms to enter a high potential without an abrupt increase in electric field gradient causing ionization. The removal of the opposite polarity deflector plates allows the potential of the first grid to be raised without introducing a large asymmetry in the electric potential or a large electric field gradient transverse to the atom beam axis. In addition, this creates a well defined electric field gradient without the need for outer grounding grids. The principle of this arrangement is to reduce the electric field gradient between the first and second grids, moving the step to high electric field gradient to the middle grid instead. The step can be made greater by applying an opposite polarity potential to the last grid, as shown in Fig. [7](#Fig7){ref-type="fig"}. This localizes the field-ionization region to a raised potential, resulting in an increase in beam energy of Rydberg states which are ionized in this potential. The 'acceleration lenses' following the field-ionization grids, are then used for extraction from the raised potential.

The resulting ion trajectories from this ionization arrangement are shown in Fig. [8](#Fig8){ref-type="fig"}a, where the increase in beam energy of ions created inside the field-ionization region is indicated. The ions with the beam energy of interest can be selectively detected following electrostatic deflection, because the deflection introduces an angular separation of ions with different energies, as seen in Fig. [8](#Fig8){ref-type="fig"}a. Using slits (or a position sensitive detector) to select ions of a given beam energy, allows the ions created by field ionization to be distinguished from any other background source of ions created in the 'interaction' or 'post-ionization' regions. This not only includes collisional ions, but ions created by field ionization of collisionally excited or re-neutralised atoms in the field of the 20$\documentclass[12pt]{minimal}
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                \begin{document}$$^{\circ }$$\end{document}$ bend to the ion detector, photoionization or molecular breakup, as all of these sources of background ions will remain at the lower beam energy. Alternatively the beam energy could be measured directly^[@CR105]^, or the difference in detected time of flight of the ions could be used as a gate if the bunch width was sufficiently narrow. For example, the time of flight separation introduced in the 'post-ionization' region for the ions travelling at 25 keV is around 15 ns (Fig. [8](#Fig8){ref-type="fig"}b), so a bunch window narrower than this would be needed. The incident temporal atom bunch width of $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,\upmu \mathrm{s}$$\end{document}$ (FWHM) in this work would prevent this. The beam energy difference for ions created by field ionization could be enhanced by using lower incident beam energies or higher potential for the ionization apparatus, however the design of the ion optics then becomes more critical to avoid ion transmission loses.

The improved field-ionization design outlined here therefore offers improved background suppression over the design used for measurements in this work, by providing selectivity of ions created by field ionization independent of the length and vacuum quality of the 'post-ionization' region. In general, the background suppression factor for the improved field-ionization design compared to non-resonant laser ionization can be expressed as$$\documentclass[12pt]{minimal}
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                \begin{document}$$P_L/P_l$$\end{document}$ is the ratio vacuum pressure in the two regions. This is under the approximation of a homogeneous gas composition in the regions and a uniform atomic beam diameter. The energy selectivity offers the prospect of a reduction in ionization volume by a factor of $\documentclass[12pt]{minimal}
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When combined with extreme-high vacuum technologies^[@CR106]^ to improve the vacuum quality in the field-ionization region (increase the $\documentclass[12pt]{minimal}
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                \begin{document}$$P_L/P_l$$\end{document}$ ratio), this technique has the potential to reduce the dominating collisional background ion contribution to a vanishingly low level when compared to other sources of background, such as non-resonant ionization from the lower pulse energy resonant step laser light, the dark count rate of the detector ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sim$$\end{document}$0.08 cps for an ETP DM291 MagneTOF), or residual radioactivity in the setup.Figure 8(**a**) The simulated ion trajectories using the field-ionization arrangement shown in Figure [7](#Fig7){ref-type="fig"} and (**b**) the corresponding simulated time-of-flight difference for ions from field ionization versus background. Figure created using Refs.^[@CR44],[@CR45],[@CR56]^.

Conclusion {#Sec13}
==========

The use of ion cooling and bunching has allowed highly sensitive measurements of exotic atoms and molecules containing short-lived isotopes to date^[@CR1],[@CR3]^, by concentrating measurements on ion bunches into a narrow time window, in order to improve background suppression and additionally allowing a high duty cycle for high-resolution and high-detection efficiency pulsed laser ionization spectroscopy^[@CR20],[@CR42],[@CR43]^.

In this work we have implemented field ionization with the Collinear Resonance Ionization Spectroscopy (CRIS) technique, to further increase the selectivity (and thus sensitivity) of high-resolution measurements of hyperfine spectra of isotopes in atom bunches. This allows the ionization to take place in a narrow spatial window in addition to the narrow time window, substantially reducing background due to collisional ions created alongside the atoms of interest in larger ionization volumes. Here we have demonstrated a factor of five in ionization volume reduction and corresponding background suppression, when accounting for vacuum pressure. In principle this will allow measurements of exotic isotopes with yields down to 4 atoms per second at the CRIS experiment. However, a further factor of \>400 improvement in background suppression of collisional ionization shown to be possible with an improved design, which also makes background suppression independent of distance from field ionization to ion detection by incorporating an increase in beam energy of the field-ionized Rydberg atoms. Furthermore, as a non-resonant pulsed laser step is no longer necessary to ionize the atom bunches, this removes a significant source of photo-ionization background, in addition to removing a source of AC Stark shifts in measurements from short-lived metastable states^[@CR55]^.

By using bunched atomic beams the technique is well suited to the use of narrow-band pulsed lasers, taking advantage of the high spectral density to saturate transitions to high-lying Rydberg states required for field ionization. The $\documentclass[12pt]{minimal}
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                \begin{document}$$46,670.107(4)\,\hbox {cm}^{-1}$$\end{document}$, in agreement with, and improving upon the precision of previous measurements. Furthermore, the technique allows high resolution measurements of the hyperfine structure constants and isotope shifts of individual atomic states directly.

The nuclear magnetic dipole, nuclear electric quadrupole hyperfine structure parameters and isotope shifts of the $\documentclass[12pt]{minimal}
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                \begin{document}$$^2\text {D}_{3/2}$$\end{document}$ states were measured. The experimental results were compared to DHF, RCCSD and AR-RCCSD calculations, where a good level of agreement was found with experimental isotope shifts and the ionization potential of the indium atom. While the RCCSD calculations showed an improvement over DHF calculations for the $\documentclass[12pt]{minimal}
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Improvements in highly sensitive detection techniques compatible with precise laser spectroscopy are required to measure the nuclear structure of the most exotic nuclei produced at radioactive beam facilities, important for developing nuclear theories^[@CR36],[@CR38],[@CR40],[@CR107]--[@CR110]^. In addition, it has many potential applications, such as the separation of nuclear waste^[@CR5]^, enrichment of nuclear fuel^[@CR11]^, collection of nuclear isomers^[@CR9]^, "ultra"-trace analysis^[@CR7]^, research of nuclear-spin-dependent effects^[@CR8],[@CR10]^ and highly-purified nuclear decay spectroscopy^[@CR6]^.
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